We test the hypothesis that diffractive scattering in the perturbative and non-perturbative domain is determined by the exchange of a single pomeron with a scale dependent trajectory. Present data on diffractive vector meson production are well compatible with this model and recent results for J/ψ photoproduction at LHC strongly support it. The model is inspired by concepts of gauge/string duality applied to the pomeron.
I. INTRODUCTION
Diffractive processes involving virtual photons show a remarkable feature: the higher the photon virtuality Q 2 , the faster is the increase of the cross sections with energy. This feature is well understood in perturbative QCD, where the evolution equations in Q 2 [1] [2] [3] predict such behaviour. Microscopically, the rising increase in energy can be traced back to the increase of the gluon density with higher resolution. This specific feature of the energy dependence, however, is less easily explained in Regge theory. In purely hadronic diffractive processes the energy dependence of the scattering amplitude is determined by the pomeron trajectory to be W 2αP (t) where W is the cm energy, α P (t) = α P (0) + α ′ P t is the pomeron trajectory, and t is the squared momentum transfer. Based on a large amount of hadronic diffractive data, Donnachie and Landshoff [4] proposed a general description with a hypercritical pomeron intercept α P (0) ≈ 1.09 and a slope α ′ P = 0.25 GeV −2 .
Electroproduction processes can be related to purely hadronic interactions through the assumption that the photon-hadron interaction occurs via the interaction of the target hadron with a quark-antiquark pair, as illustrated in Fig.1 . According to this model, diffractive electromagnetic processes are described as purely hadronic processes, with energy dependence governed by the pomeron trajectory. This approach, commonly called dipole picture [5] , has been tested in many analyses and applications. Although there are certain limitations to this approach [6, 7] it is intuitive and phenomenologically very successful.
On the other hand, by summing up leading log terms in perturbative QCD, a larger pomeron intercept was found (BFKL-Pomeron) [8] [9] [10] [11] [12] . Donnachie and Landshoff [13] extended the pomeron concept and assumed that electromagnetic diffractive processes are determined by two pomerons, a soft (hypercritical) one with an intercept of about 1.09 and a hard one with an intercept of about 1.4. This idea has been applied in many electroproduction processes, where the residues of the pomerons were essentially determined by the size of the scattered objects and hence in a given model the energy dependence was universally fixed by a superposition of the two pomeron contributions. In this way a comprehensive description of proton structure functions, vector meson production and γ * − γ * scattering could be achieved in the full energy range accessible at HERA [14] [15] [16] [17] [18] [19] [20] [21] .
where α ′ is a constant relevant for scattering of the strings in the higher dimensional space and R is the AdS scale. The holographic variable z used here is related to the r in [27] by z = R 2 /r. In this simple model the intercept value is α P (0) = 2 [29] .
With the assumption of a single pomeron the value of the intercept should be nearly one in order to describe purely hadronic diffraction processes, whereas experimentally it is distinctly larger for diffractive processes with high photon virtuality. Therefore, in a bottomup approach to the problem, we are led to extend the concept of a scale dependent pomeron slope, Eq.(2), to that of a scale dependent intercept, α P (0, z). In order to test this assumption quantitatively, we use in the present work a phenomenologically very successful approach to AdS/CFT duality, namely light front holographic QCD, developed by de Téramond and Brodsky [31] (for a review see [32] ). One essential point is the discovery that the AdS bound state equations are identical with the light front (LF) bound state equations, if one identifies the holographic variable z with the boost invariant lightfront separation ζ between the quark and the antiquark inside a hadron (details are given in the next section). It has been shown that the bound state wave functions obtained in light-front holographic QCD give a very good fit to rho-meson electroproduction [33] , and it was shown [20] that the light-front wave functions [34] are indeed very appropriate for the description of electroproduction not only of ρ mesons, but also of other vector mesons as J/ψ and Υ. In the present work we use the coincidence of the holographic variable z with the boost invariant light front separation ζ in order to determine the scale, on which the pomeron intercept is assumed to depend, for different diffractive processes. We proceed in the following way. First the scale for different processes is determined and then the dependence of the pomeron intercept is extracted from an analysis of the energy dependence of the structure functions [35, 36] on the scale. This intercept determines the energy behaviour of all processes with the same scale, and the energy dependence of different processes, as γ * p scattering and vector meson electroproduction, can be related.
Our paper is organized as follows: In Sect.II we determine the scale for the different processes and give interpolation formulae which relate the scale to the photon virtuality; in Sect.III the pomeron intercept as function of the scale and the photon virtuality is derived from the energy dependence of the structure functions. In Sect.IV we present comparison with experiments and finally we summarize and discuss our results in Sect.V.
II. FIXING THE SCALE FOR DIFFERENT PROCESSES
Vector meson production and γ * p scattering are the best investigated electromagnetic diffractive processes. In the dipole model, for a fixed cm energy W 0 = √ s 0 ,of the γ * and the target the forward scattering amplitude is generically given by [5] 
where u andū = 1 − u are the longitudinal momentum fractions of the dipole constituents, and
r ⊥ being their transverse separation. The quantity σ(u, ζ) is the dipole cross section and ρ(Q 2 , u, ζ) the overlap of the wave functions of the virtual photon and of the diffractively produced particle. Eq. 3 determines the Regge residue and the energy dependence of the forward amplitude in the Regge model is T = T 0 (s/s 0 ) αP . The overlap, written generically as
is represented diagrammatically in Fig.1 . Here ψ γ * (Q 2 , u, ζ) is the hadronic wave function of the incident photon, and ψ fs (u, ζ) is the wave function of the final state; for vector meson production it is the vector meson wave function, while for γ * scattering it is the outgoing hadronic photon wave function.
For the overlap functions we present below the simple and phenomenologically successful forms, which at fixed cm energy W describe very satisfactorily the Q 2 dependence of the different processes [16, 18, 19, 21] . Conservation of s-channel helicity is assumed [37] .
For γ * p scattering with transverse polarization we write
and for longitudinal polarization
and with m f representing the mass of the quarks forming the dipole in the LHS of Fig. 1 .
The overlap functions connecting γ * and vector mesons are for transverse polarization
, and for longitudinal polarization
with mass m f for the quarks constituting the vector meson. φ ω (u, ζ) is the Brodsky-Lepage (BL) [34] wave function parameter ω, written
(11) (In the wave functions derived from light front holographic QCD [31] an additional factor u(1 − u) appears; the influence of this factor, however, on the value of the scale is negligible). For convenience, the values of ω in the BL wave function (11), determined by the electronic decay widths [20, 21] are given in Table I .
Our final results do not depend strongly on the form of the dipole cross section, since it enters into the calculation for photon scattering and vector-meson production in the same way. The simplest choice is the quadratic form
We also use a form obtained directly from the data by a deconvolution of experimental data [38, 39] . This dipole cross section starts to grow with the third power of r ⊥ and decreases for r ⊥ > 3 GeV −1 , as shown in Fig.2 . The value of the scale does not depend on the magnitude of the dipole cross section but only on its form. In the following we shall use the quadratic form, unless stated explicitely.
In order to extract a fixed representative scaleζ for a specific process and a given Q 2 value, we determine the ζ value where the overlap is maximal, namely findζ max that gives the maximum of the integrand Y in Eq.(3)
Typical forms of the function Y (Q 2 , ζ) for two chosen processes with the quadratic dipole cross section and selected Q 2 values are shown in Fig.3 . As we are interested in showing that both overlap functions have marked maxima positions, but different shapes, the curves are presented normalized to 1 at the peak, and two Q 2 values are chosen that show peaks at the same value ofζ max . The values represented in the figure are Q 2 = 1.5 GeV 2 for ρ γ * ,γ * ,1 and Q 2 = 26 GeV 2 for ρ γ * ρ,1 . In order to obtain some control of the uncertainties of this choice of a representative scale, we also use another intuitive criterion. We defineζ med as the median value of ζ, determined by
The cross sections of longitudinal and transverse photons are added incoherently, and we therefore have fitted independently the scales for both polarizations and for their weighted average, for the different processes and interesting Q 2 values. The overlap functions ρ(Q 2 , u, ζ) depend on the quark masses. For diffractive production of heavy vector mesons we use the M S masses [40] : m c = 1.28 GeV and m b = 4.18 GeV. For Q 2 = 0 the overlap diverges logarithmically with vanishing quark mass and therefore special constituent mass values have to be assumed. In order to reduce model dependence, we have for light meson production determined the scale only for Q 2 ≥ 1, where the dependence on quark masses is weak and the current quark masses, m u ≈ m d ≈ 0, m s = 0.1 GeV can safely be chosen. For hadronic processes involving light quarks, the scale at Q 2 = 0 is fixed by the confinement scale and therefore we have there the purely hadronic pomeron intercept α P ≈ 1.09. (11), taken from [20, 21] .
III. SCALE DEPENDENT POMERON INTERCEPT
The best investigated electromagnetic diffractive process is γ * p scattering. It is usually presented as the DIS proton structure function F 2 (x, Q 2 ), which is related to the γ * p total cross section by
Due to the optical theorem the total γ * p cross section is proportional to the γ * p forward scattering amplitude and its energy behaviour is given by the pomeron intercept at t = 0, with the form W 2[αP(0)−1] . The structure function has been fitted [41] with the power behaviour
with λ(Q 2 ) = 0.0481 log Q 2 /0.0853 for Q 2 ≥ 3.5 GeV 2 , related to the pomeron intercept by λ = α P (0) − 1 . We use the modification
that is adjusted to give the intercept 1.09 at hadronic scales, that is at Q 2 = 0. In order to relate the pomeron intercept with the scalē ζ one inverts the scale functionζ γ (Q 2 ), obtained for γ * p scattering according to the methods explained in the preceding section; this yields the inverse function Q 2 γ ζ . One can then calculate the value of the intercept of vector meson production as function of Q 2 from (18) by inserting for Q 2 the value Q 2 (ζ V M ), whereζ V M is the valueζ VM (Q 2 ) obtained for the vector meson at photon virtuality Q 2 . We thus obtain for the production of the vector meson VM the relation
It turns out that the intercept calculated for a specific process at fixed Q 2 depends only weakly on the method of its extraction, the deviation of α P (0) − 1 obtained for both proceduresζ max andζ med deviates at most ±5% from the mean valueζ. We therefore present in the following only the averaged results
The extreme choice of the dipole cross section of [38] leads to an increase of α P (0) − 1 by less than 15 %.
The results of the numerical analysis show that for each process γ * p → fs p with final state fs and given polarization "pol", the average scaleζ(Q 2 ) can be very well fitted by a function of the simple form
The coefficients a and b for the different processes are displayed in Table II . From this fit and Eq. (19) we can obtain the pomeron intercept from γ * scattering as a function of the scaleζ. We then have
where a γ * ,pol is the coefficient in Eq. (21) for γ * p scattering, with the label pol indicating transverse (T), longitudinal(L) or total (tot) cross sections (row γ * in Table  II) .
From this equation we obtain the intercept for vector meson production as function of Q 2 by expressing the scaleζ through Eq.(21) for the specified meson VM (20) , for the processes γ * p → fs p with Eq.(21), for use in longitudinal, transverse and total (incoherent sum of the two cases) cross sections. f s = γ * refers to γ * p total cross section. The accuracy of the fit is better than 1% in the Q 2 range from 1 to 60 GeV 2 for photon scattering and ρ, φ production and from 0 to 60 GeV 2 for J/ψ and Υ production. Remark: For Q 2 = 0 in ρ and φ production, the relevant scale is the hadronic scale, chosen asζ = 2 GeV −1 , with a soft pomeron intercept 1.09.
The intercept at t = 0 determines the energy behaviour of the forward scattering amplitude (and therefore also of the total γ * p cross section). For integrated elastic production cross sections one also has to take into account the t dependence of the trajectory, which leads to a shrinkage of the diffraction peak. For unpolarized elastic diffractive vector meson production, γ * p → p [VM], the differential elastic cross section in the Regge model is given by
For fixed W and Q 2 the t dependence is well approximated by an exponential, and we thus assume the residue β(t) = β 0 e B t/2 and α P (t) = α P (0) + α ′ P t. We then obtain for the integrated cross section
The slopes observed in dσ/dt in vector meson electroproduction [20] are in the range of 5 to 10 GeV −2 . With 2 α ′ P /B ≪ 1, the energy dependence of the total cross section can be approximated by
Although the present data on α ′ P do not allow firm conclusions [36] , it is certain that the effective powers δ VM that fits experiments should be smaller than the value 4[α P (0) − 1] obtained from the structure function. In the simplified model of Eq.(2) [27] discussed in the introduction, the slope of the pomeron trajectory decreases with decreasing scale
whereζ conf is the scale set by confinement, at which α ′ P ≈ 0.25 GeV −2 . Choosing realistic valuesζ conf = 2 GeV −1 , B = 5 GeV −2 we obtain a shrinking correction
and for the power δ int , applicable to integrated elastic diffractive cross sections we have
IV. DESCRIPTION AND PREDICTION OF DIFFRACTIVE DATA
In Fig.5 experimentally determined values of the power δ = 4 α P (0) − 1 for different reactions are displayed against the scaleζ. The values for photon scattering are deduced from measurements of the proton structure function and the total γ * p cross section [41, 42] (18) . The solid curve takes into account the effects of the shrinking in Eq. (27) . The stars are obtained from measurements of the proton structure function and total γ * p cross section [41, 42] . References for the data on vector meson production are given in detail in Fig.6 . Υ-production [52] . They are given for fixed Q 2 , and the corresponding scaleζ has been determined by Eq.(21) with the constants from Table II. The dashed line corresponds to the fit Eq. (18) to the photon data with Q 2 = 0.968 2 /ζ 2 + 0.004. The solid line includes the shrinkage correction Eq. (27) , (28), (29) to be applied for the integrated cross sections of diffractive vector meson production.
The errors for vector meson production and correspondingly the fluctuations are generally quite large, but the figure shows that the data are well compatible with a common power behaviour, only dependent on theζ scale, but not on the process. Future data in the TeV region with reduced errors may provide decisive tests for the conjecture of a single pomeron with a scale dependent intercept governing the energy behaviour universally for all diffractive processes.
In Fig.6 we show theoretical predictions and experimental results for the powers δ and δ int , that is without and with shrinkage correction, as a function of the photon virtuality Q 2 for unpolarized elastic production of all vector mesons in the ground state, the theoretical results for ω meson production are not distinguishable from those of ρ production. The long-dashed curves represent the uncorrected power δ(Q 2 ), obtained from Eq. (23), and the solid line is δ int , Eq.(29) that includes shrinkage corrections. We also show with dotted lines results based on a scale determination with the rather extreme dipole cross section [38] shown in Fig.2 . The theoretical predictions are well compatible with the experiments. The observed sharp increase of the power delta with Q 2 near Q 2 = 0 indicates that the rapidly varying shrinkage correction given by Eq. (28) is quite realistic.
In in Fig.7 data and the theoretically predicted energy dependence of ρ and J/ψ cross section are displayed. According to the model the energy dependence is represented by a single power c W η in the full energy range . The constant c is fitted to the data, and the values for the power η are given by the model, either η = δ(Q 2 ) or η = δ int (Q 2 ). For ρ production (left hand side) we show both the results with shrinkage correction, Eq. (29), in solid lines, and without shrinkage correction, Eq. (23), in dashed lines. At Q 2 = 0 we have used δ(0) = 0.36 corresponding to the soft pomeron intercept 1.09. The shrinkage correction reduces this vcalue to δ int = 0.18. The data are clearly compatible with experiment, and it is expected that further data at LHC energies will be bring decisive test for the single power behaviour.
The plot of J/ψ photoproduction on the right hand side includes the most recent LHC data. Here the influence of the shrinking correction is small and δ(0) = 0.63, δ shrink (0) = 0.61 (solid line). To exhibit the stability of the predictions of the universality conjecture, the dotted line gives the prediction from the extreme dipole model of [38] , displayed in Fig. 2 .
Parameters of the curves C W η for J/ψ photoproduction in some cases are as follows: theory with shrinkage correction Eq. The transverse and longitudinal wave functions are different and therefore we obtain different scales for the respective cross sections. This leads to different energy behaviour for the two polarizations and the ratio R = σ L /σ T has the power behaviour
The values of δ L and δ T are determined by Eq. (23) with the constants a VM,long , a VM,trans , b VM,long , b VM,trans of Table II . The experimental errors for the ratio R are quite large and also the theoretical uncertainties in the small differences between δ L and δ T are large.
In Fig. 8 a) -c) we show data [36, 45, 58] for the energy dependence of the polarization ratios R = σ L /σ T for three values of [36, [43] [44] [45] [46] ; b) φ-production [36, 47] ; c) J/ψ-production [48, 50, 51, 57] ; d) Υ-production [52] . The solid line is δint, Eq. (29), including the shrinkage correction, and the dashed line is δ, Eq. (23), as obtained with the quadratic dipole cross section. The power δ for the special dipole model [38] shown in Fig.2 is represented by the dotted line, without shrinkage corrections.
in dashed lines the results of free fits to the data with unconstrained A and δ R . At Q 2 = 7.5 and 22.5 GeV 2 the model gives good agreement for the energy dependence of the ratio R. In the last plot of the set, the data and the theoretical predictions for the power coefficients as functions of Q 2 are compared directly. Energy dependence of the integrated elastic cross sections for ρ and J/ψ production. For ρ production the dashed line shows the power behaviour without shrinkage correction, which is included in Eq. (29), represented by solid lines. For J/ψ production the solid line shows the behaviour with δ = 0.61 including the (rather small) shrinkage correction, while the dotted line is from the extreme dipole cross section of [38] without shrinkage, with δ = 0.69. The data for ρ production are from [43, [53] [54] [55] for Q 2 = 0, and from [45] for Q 2 = 6 . For J/ψ photoproduction the data are from [22, 23, 50, 56, 57] . 
V. SUMMARY AND CONCLUSIONS
We present a simple phenomenological model assuming that single pomeron exchange determines electromagnetically induced diffractive processes. The main consequence of this approach is that the high energy behaviour of each process is determined by a single power W η . Recent results for J/ψ photoproduction from LHC [22, 23] indicate such a behaviour, which will be tested with more measurements of diffractive electromagnetic processes at LHC.
We furthermore assume that the intercept is determined by the scale of the reaction , which is related to the extension of the dipole wave functions, as illustrated in Fig. 1 . This assumption is inspired by a holographic model which predicts a scale dependence of the pomeron slope [27] , and is here extended to a model where also the intercept is scale dependent. This assumption is necessary if one assumes a single pomeron exchange, since in photon-induced electromagnetic diffraction processes the energy behaviour depends strongly on the photon virtuality. The scale for vector meson production is in our approach determined by the extension parameter ζ of light cone wave functions [34] and we determine the scale dependence of the pomeron intercept by the energy dependence of the structure function F 2 at fixed Q 2 . We have tested two methods for the extraction of this scale and also two extremely different dipole cross sections, illustrated in Fig. 2 . It turns out that the uncertainties induced by the different methods of definition of the scale are smaller than present experimental errors.
The assumption of a universal scale, determined essentially by the effective dipole size of the virtual photon, is well compatible with the present data. Specifically the energy dependences of J/ψ and Υ production are successfully predicted. A decisive test of the additional hypothesis of an intercept dependence on a universal scale will also be possible as data for more reactions in the LHC energy range become available.
Also the concept of a scale dependent slope of the pomeron trajectory [27] is well compatible with the data [36] , as shown in Fig. 7 . A possible scenario for trajectories for J/ψ and Υ photoproduction together with the conventional soft pomeron trajectory is displayed in Fig. 9 . The intercept α P (0) and the slope for t < 0 are fixed by the model, see Eqs. (23), (28) . For t ≫ 0 where glueball states may be on the trajectory, the hadronic confinement scale becomes relevant and there it should coincide with the soft pomeron, that is the pomeron trajectory relevant for hadronic scattering.
The model is inspired by AdS/CFT type models which yield a scale dependent slope of the pomeron trajectory and, in a typical bottom-up approach, it is based on the phenomenological input of a scale dependent intercept. A real challenge would be to show, at least qualitatively, how a scale dependent intercept can emerge from more fundamental principles. 
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